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Abstract: Silica nanospheres with diameters ranging from 60 nm to
269 nm are investigated as an alternative to polystyrene spheres for cali-
brating laser-scattering-based wafer surface inspection systems, since they
are less susceptible to changes upon ultraviolet exposure. Polystyrene and
silica spheres were classified by differential mobility analysis before being
deposited onto bare silicon wafers, and scattered signals were measured by
two commercial tools using 488 nm and 355 nm laser light. The instrument
signals were modeled by integrating a theoretically-determined differential
cross section over the collection geometry of each tool, and the predicted
signals were compared to the measured signals. The resulting calibrations,
whether performed using the polystyrene spheres, the silica spheres, or
both, were found to be equivalent and to meet industry requirements,
provided the index of refraction of the silica spheres was allowed to be a
floating parameter. The indices were found to be 1.413 and 1.421 at 488 nm
and 355 nm, respectively, consistent with a void fraction of 11.4%.
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1. Introduction

Polystyrene (PS) spheres are often used as particle size reference standards due to their ideal
shape, homogeneity, and narrow size distribution.[1, 2, 3] These particles are provided as a
colloidal solution. In the semiconductor industry, they are aerosolized, classified to narrow
their distribution further, deposited onto silicon wafers, and used for calibrating wafer surface
inspection systems. However, it has been found that under ultraviolet illumination, increasingly
used by these systems, the polystyrene spheres degrade. Recently, spherical silica particles have
become available that might provide an ultraviolet-stable alternative to PS spheres. In order for
silica particles to be accepted as a new reference standard, there must be sound scientific and
technological evidence that the transition will not result in a loss of accuracy or a change in
scale.

A standard calibration procedure was developed to improve the calibration of wafer inspec-
tion systems.[4] This procedure calls for measuring the signals from a set of PS particle sizes
and comparing those signals with those calculated by theoretically modeling the response of
the inspection system. The procedure provides the calibration that enables the instrument to
deduce scattering cross section, integrated over the collection geometry of the system. Once
the system has been calibrated in this manner, signals can then be interpreted in terms of an
effective PS sphere diameter that would yield the same integrated cross section.

In this article, we investigate whether silica spheres could substitute for PS spheres for cali-
brating light-scattering-based systems. These spheres are significantly more stable under ultra-
violet irradiation. However, their size distributions are generally too broad to be used as size
standards straight out of the bottle. Nonetheless, they can be size-classified, using polystyrene
sphere standards to calibrate the classifier, before being deposited onto wafers. We fabricated
two wafers, one with depositions of PS spheres and one with depositions of silica spheres hav-
ing identical sizes. The resulting calibration was then found to be comparable to that obtained
with PS spheres, provided we allow the index of refraction of the particles to vary.

We describe the theoretical modeling in Sec 2. The deposition of PS and silica particles on
test wafers is described in Sec. 3. In Sec. 4, we describe the instruments that were used to
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measure the light scattering from the particles. In Sec. 5, we analyze the light scattering signals
that were obtained from the particles, and evaluate the consistency of calibrations performed
with the two different particle materials. The results are discussed in Sec. 6, and in Sec. 7 we
make some conclusions.

2. Scattering theory

The theory of Bobbert and Vlieger[5, 6] describes the solution to the scattering of an elec-
tromagnetic wave incident upon a homogeneous sphere above a surface. The theory can be
straightforwardly extended to include coatings on the surface and the sphere, provided the
sphere does not embed itself into the surface. We use computer code developed by one of
the authors[7, 8] to evaluate the differential scattering cross section σ Ω(θ ,φ ,D), where θ is the
polar scattering angle, φ is an azimuthal scattering angle, and D is the diameter of the sphere.
The differential scattering cross section is also a function of the incident angle, polarization,
wavelength, the optical properties of the substrate and the particle, and the thicknesses and op-
tical properties of any coatings on either the substrate or the particle. The computer code has
been thoroughly tested using a variety of model systems.[9, 10, 11] In all calculations provided
here, we included the effects of a 1.6 nm native oxide coating on the silicon substrate. The
integrated cross section as a function of particle diameter is given by

Σ(D) =
∫

dθ dφ sinθ σΩ(θ ,φ ,D), (1)

where the integral is over the set of directions (θ and φ ) collected by the collection optics of
the system. We use ΣPS(D) and Σsilica(D) to denote the integrated cross section using optical
properties for PS and silica particles, respectively. The optical constants that we used for the
materials are given in Table 1.

Table 1. Optical constants used for the modeling.

488 nm 355 nm
Material n k n k Ref.
silicon 4.368 0.040 5.712 2.962 [12]
native oxide 1.739 0 1.749 0 [12]
PS 1.605 0 1.650 0 [13]
bulk silica 1.465 0 1.478 0 [14]

3. Particle deposition

Spherical polystyrene and silica particles were classified by a differential mobility analyzer[15,
16] (DMA) before being deposited onto silicon wafers. The initial particle sizes were approxi-
mately matched, and the settings for the DMA were identical for each particle size. Therefore,
identical sizes of the two materials were deposited. The flow conditions of the DMA were such
that the full-width at half-maximum (FWHM) of the DMA passband was approximately 5% of
the central pass diameter. Three of the PS particles were NIST Standard Reference Materials TM

(SRM), and the DMA was calibrated to match the certified values of one of these references.
Approximately 2000 particles were deposited of each size. Table 2 summarizes the sizes used
in this study. The DMA setting has an arbitrary scale which is linearly related to the particle
diameter. The corrected diameter is determined by multiplying the DMA setting by a constant
so that the 101.8 nm particle size matches that certified.
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Table 2. Particle diameters deposited on wafers.

Nom. Diameter [nm] DMA Setting [a.u.] Corrected Diameter [nm]
60.4±0.6* 57.0 59.8

73 69.7 73.1
101.8±1.1* 97.0 101.8

126 120.3 126.3
155 148.0 155.3
204 194.8 204.4

269±4* 256.0 268.7
*The PS particles were NIST SRMTM.

Fig. 1. The measured signal as a function of predicted signal measured for PS spheres (solid
squares) and silica spheres (open triangles). The index assumed for the silica spheres is that
of bulk silica. The straight line is a least-squares best fit of a straight line to the PS sphere
data.

4. Scattering measurements

Scattering measurements were performed on two models of wafer scanners, the KLA-Tencor
SP-1 and the KLA-Tencor SP-2.[17] The SP-1 operates at 488 nm, while the SP-2 operates at
355 nm. Both instruments use p-polarized light incident at an oblique angle and collect a large
annulus of scattering directions centered on the surface normal (the “wide” channel). Both
instruments scan the wafer under the laser beam and extract a signal for light scattering events,
corresponding to individual particles on the wafer. The locations of each event is recorded
along with its respective signal. Histograms of the particle signals are then generated and the
peak signal noted for each deposition.

5. Results

The data were analyzed in a manner similar to that prescribed by SEMI Standard M53.[4]
Figure 1 shows the signals S(Di) from the PS spheres measured on the 488 nm tool as a function
of that predicted by the model calculations, Σ silica(Di). Note that the vertical scale is not labeled,
since it represents an arbitrary unit. The results lie along a straight line on a log-log graph,
with a slope of 1.034± 0.012 [20], thus defining the gain-nonlinearity function g(Σ) between
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Fig. 2. The residual fractional diameter error determined from calibrations at 488 nm. The
closed symbols and open symbols represent the fractional residual error for PS and silica
particles, respectively. The squares, triangles, and circles represent the results when the
system was calibrated with PS, silica, and both particles, respectively.

measured signal and predicted signal, so that S(D) = g[Σ(D)]. The residuals of the fit, expressed
in terms of fraction of diameter, calculated from

ΔDi

Di
=

Σ−1
silica{g−1[S(Di)]}−Di

Di
(2)

are shown in Fig. 2, where g−1(S) is the inverse of g(Σ), and Σ−1
silica(x) is the inverse of Σsilica(D).

The root mean square (rms) deviation of the residual is σ = 0.7%. According to [4], the ex-
panded PS sphere sizing uncertainty, representing the 95% confidence limit, is given by

U = 2[(σ +udep)/(N −M)]1/2, (3)

where udep is the standard uncertainty of the deposition diameter, N = 7 is the number of sphere
sizes, and M = 2 is the number of degrees of freedom of the fit. If we let u dep = 1.5% be the
maximum recommended value for the deposition uncertainty, assumed to be the specification
required for the deposition systems, the PS sphere sizing uncertainty is U = 1.5%. Industry
standards require that this value be less than 2%.[18] Table 3 presents the rms of the residuals,
σ , and the expanded uncertainty U . Once the inspection system is calibrated, as described
above, the reported PS-equivalent diameter of a light scattering event yielding signal S is

D = Σ−1
PS [g−1(S)]. (4)

Figure 3 shows the results of applying Eq. 4 to the 488 nm silica data. The silica particles,
because their index is less than that of PS, appear smaller than identically-sized PS spheres.
The ratio of the PS-equivalent diameter to the actual diameter is not a constant. Furthermore,
that ratio will depend upon the optical geometry and wavelength, so that there is no universal
relationship between PS-equivalent diameter and actual diameter.

When we performed the analysis above to the silica sphere data using literature values for the
index of refraction of silica, we find that the results do not lie on the same straight line seen for
the PS spheres (see Fig. 1). Presumably, the index of refraction of the silica spheres differ from
that of bulk silica due to porosity. Lowering the index of refraction will move the silica data
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Table 3. Summary of the calibration results.

SP-1: 488 nm
PS Calibration Silica Calibration Joint Calibration

PS Sizing (1σ )
Silica Sizing (1σ )

0.7%
1.4%

1.5%
0.8%

1.0%

PS Sizing (U)
Silica Sizing (U)

1.5%
1.5%

1.6%
1.5%

1.0%

SP-2: 355 nm
PS Calibration Silica Calibration Joint Calibration

PS Sizing (1σ )
Silica Sizing (1σ )

0.6%
1.5%

1.0%
1.5%

1.1%

PS Sizing (U)
Silica Sizing (U)

1.4%
1.6%

1.4%
1.9%

1.1%

Fig. 3. Results of applying the calibration to the silica spheres at 488 nm: (open symbols,
left scale) the PS-equivalent diameter of the silica particles and (solid symbols, right scale)
the ratio of that diameter to the actual diameter.

in Fig. 1 to the left. By varying the index of refraction used during the modeling of Σ silica(D),
we find that the mean square residual between the silica signals and g[Σ(D)] (the straight line
in Fig. 1) was minimized when we used the value of 1.413± 0.008 at 488 nm. This index is
lower than the literature value for bulk silica (see Table 1) by 3.5%. The rms of the relative
residual diameter was 0.8%, only slightly larger than that found for the PS calibration at this
wavelength.

We also considered the cross-residuals obtained by the silica particles when the system was
calibrated with PS particles, and vice versa. In this case, we use

D = Σ−1
j [g−1

k (S)], (5)

where the subscript j indicates the particle material being measured, while subscript k indicates
the particle material under which the system is calibrated. The results of the cross-residuals are
included in Table 3. The values of the rms of the cross-residuals were always larger than those
obtained from the calibration, because there are a different number of degrees of freedom for the
cross-residuals than for the calibration residuals. When calculating the expanded particle size
uncertaintyU from the cross-residuals, we include the fact that the number of fitting parameters

#92609 - $15.00 USD Received 11 Feb 2008; revised 7 Mar 2008; accepted 9 Mar 2008; published 20 Mar 2008

(C) 2008 OSA 31 March 2008 / Vol. 16,  No. 7 / OPTICS EXPRESS  4703



Fig. 4. The apparent FWHM of the size distribution of the (solid squares) PS and (open
triangles) silica particles measured at 488 nm.

M is zero. When considering this fact, the expanded particle size uncertainty difference between
the two particle types is insignificant.

Lastly, we considered the residuals obtained when we considered all of the particles, both
PS and silica, during the calibration step. The residuals were found to be similar to those ob-
tained with a single particle material, but the total expanded uncertainty was significantly less,
because the number of data points M increased by a factor of two. One of the advantages of the
calibration procedure is that an increase in the number of calibration particle sizes will improve
the overall uncertainty in resulting measurements.

The widths of the distributions of the effective particle sizes deposited on the wafers were
estimated by examining the histograms of the signals. The width of the signal on a logarithmic
scale can be divided by the logarithmic derivative of the predicted signal for the respective
material to yield the FWHM of the size distribution. Figure 4 shows the results of this analysis
for the 488 nm data. All of the particle distributions have widths below the 5% band pass of
the DMA. The actual distribution would be determined by the product of the source particle
distribution and the DMA passband. The silica particles tend to have larger apparent widths,
which would be expected from the wider distributions of the source particles. Non-spherical
particles would be expected to increase the apparent width of the distributions. Since none of
the particle sizes had an apparent width larger than the DMA pass band, we can rule out a
significant contribution from non-spherical particles.

An identical analysis was performed using the SP-2 operating at 355 nm using the same
particle depositions. The index of refraction for the particles was found to be 1.421±0.008 at
355 nm. A summary of the residuals and resulting uncertainties is included in Table 3.

6. Discussion

The index of refraction can be considered in terms of effective medium theory. Maxwell-Garnett
theory is appropriate for voids within a host material.[19] The effective index n eff is related to
the host index nh and the void fraction x by

n2
eff =

n2
h(1−2n2

h(x−1)+2x)
1− x+n2

h(x+2)
. (6)
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Eq. (6) can be solved for the void fraction

x =
2n4

h−2n2
effn

2
h +n2

h−n2
eff

(n2
h −1)(2n2

h +n2
eff)

(7)

Using the data from the two wavelengths, we find that x = 0.110± 0.016 at 488 nm and x =
0.117± 0.016 at 355 nm. Thus, the two results are equivalent with one another, within the
uncertainties of the measurements.

The finding that the calibrations performed with silica particles were equivalent to those
obtained with PS particles suggest that all of the particle sizes had the same index of refraction.
However, what needs to be determined is how universal that index is for silica nanospheres.
All of the silica spheres were obtained from one source, and another manufacturer may employ
methods that yield different indices of refraction. Any reference wafer containing silica sphere
depositions should certify not only the diameters of the spheres, but also the index of refraction
of those spheres. The method described in this article may be used to determine that index.

7. Conclusion

Two wafer inspection systems, operating at 488 nm and 355 nm, were each calibrated using PS
spheres, silica spheres, and both simultaneously. It was found that all of the calibrations were
consistent with one another, provided the index of refraction of the silica was allowed to vary.
The indices determined at the two wavelengths were found to be consistent with one another
within the Maxwell-Garnett theory.
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